Structure, magnetization, and low-temperature spin dynamic behavior of zincblende Mn-rich Mn(Ga)As nanoclusters embedded in GaAs J. Appl. Phys. 105, 053912 (2009) We have investigated the carrier and magnetization dynamics in a GaMnAs structure with perpendicular uniaxial anisotropy using time-resolved pump probe techniques. Experiments were performed over two orders of magnitude variation in pump fluence, revealing an ultrafast demagnetization response that saturates at fluence values larger than 1 mJ/ cm 2 . Dichroic bleaching contributions exhibit no dependence on the circular polarization state of the pump beam, indicating no signature of electron spin dynamics, in contrast to experiments at similar pump pulse fluence in other III-Mn-V semiconductors. We observe no evidence of a transient hole spin depolarization despite the strong demagnetization effects in our experiments, suggesting that more studies are needed to elucidate the influence of hot holes on the nonlinear optical response of diluted magnetic semiconductors. Differential reflectivity experiments indicate an electron trapping time of 1 ps, followed by carrier recombination on a time scale of several nanoseconds. The demagnetization observed is incomplete, reaching only 80% of the equilibrium magnetization at saturation. We attribute this to the optical saturation of the band edge absorption in GaMnAs.
I. INTRODUCTION
Exploitation of the spin degree of freedom may lead to new semiconductor devices with improved performance and/or enhanced functionality. 1, 2 Recent device proposals include low-power spin-sensitive field effect transistors, [3] [4] [5] [6] Faraday isolators, 7 spin-sensitive all-optical switching devices, 8, 9 and spin-based optical sources. 10 The integration of diluted magnetic semiconductors ͑DMS͒ is promising due to their unique combination of semiconducting and magnetic properties, which arises from the carrier mediated ferromagnetic order in these materials. Active control of fundamental magnetic properties of interest ͓e.g., the Curie temperature ͑T c ͒ and the coercive field ͑H c ͔͒ has been achieved by controlling the background hole population using electrical gates 11, 12 or continuous wave optical excitation. 13, 14 These demonstrations illustrate the versatility of these materials for applications in future spin-based devices. The development of such devices requires a detailed understanding of the origins of ferromagnetic order in DMS materials. Although considerable progress has been made in recent years, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] the exact nature of the underlying ferromagnetic interactions is still not well understood. For example, the relative importance of impurity band and valence band transport is currently under active debate, 20, 22, 24 and the importance of Mn interstitials in determining the ferromagnetic properties was the focus of several recent works. [23] [24] [25] [26] Ultrafast optical techniques provide a powerful approach to studying the fundamental interactions governing ferromagnetic order in DMS materials. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] Femtosecond optical excitation leads to a rapid modification of the ferromagnetic properties through the introduction of an excess population of holes. Interrogation of the resulting dynamics with femtosecond resolution using techniques such as time-resolved Kerr rotation allows a direct evaluation of the decay times associated with various excitations in the magnetic and carrier systems, and provides detailed information on the strength of interactions among the relevant constituents ͑lo-calized spins, holes, and lattice vibrations͒. Kimel et al. 27 studied the spectral dependence of the optically induced magnetization associated with a spin-polarized electron distribution in GaMnAs, revealing an electron spin lifetime of 30 ps. A transient hole-mediated enhancement of both magnetization and T c was recently observed in GaMnAs by Wang et al. 34 An ultrafast reorientation of the magnetic easy axis has also been demonstrated by several groups in recent years, 28, 29, 31, 33, [35] [36] [37] [38] [39] stimulating complex precession dynamics in the magnetic system. These studies have provided key insights into magnetic anisotropy in DMS systems.
The above demonstrations were carried out under conditions of optically excited hole densities several orders of magnitude lower than the background hole population, leading to a relatively weak perturbation of the ferromagnetic order. For applications of DMS materials as optically addressable nonvolatile memory elements in spin-based devices, strong photoinduced changes to the ferromagnetic state are desirable. In GaMnAs samples with a biaxial in-plane anisotropy, Astakhov et al. 41 demonstrated a complete, permanent reversal of the hysteresis loop with the exposure of the sample to a single, high fluence ͑ϳ150 mJ/ cm 2 ͒ optical pulse. Together with recent studies of coercivity dynamics in this system, 42 pulse fluences exceeding ϳ10 mJ/ cm 2 . A model of the observed demagnetization process was proposed in which the p-d exchange interaction leads to a net transfer of angular momentum from the Mn to the hole population. 44 Although recent experiments using mid-IR excitation of GaMnAs provide evidence for the role of hot holes in the demagnetization process, 45 the theoretical model significantly underestimated the size of the demagnetization effect. 44 More work is needed to elucidate the optical response of DMS materials in the highly nonequilibrium, strong photoexcitation regime.
In this paper, we present a comprehensive study of the carrier and magnetization dynamics in GaMnAs using femtosecond pump probe spectroscopy. Optically induced demagnetization dynamics were studied over a broad range of temperatures and pump fluences. We observe a strong ultrafast reduction in ferromagnetic order, accompanied by a subpicosecond, near-complete collapse of the hysteresis loop. Contributions to the pump probe results related to magnetization dynamics and dichroic bleaching are separated through comparison of the pump-induced changes in Kerr rotation and ellipticity. 46 These experiments reveal no signature of a dynamic response of the hole spin polarization, in contrast to recent experiments by Wang et al. 45 Beyond the first few picoseconds, the nonlinear optical response is dominated by pump-induced changes in ferromagnetic order. Our power-dependent measurements indicate a saturation of the demagnetization signal for a pump pulse fluence exceeding 1 mJ/ cm 2 at 80% of the remanent magnetization, in contrast to findings in InMnAs. 43 We attribute the observed incomplete demagnetization to optical saturation of states near the band gap, in line with similar findings in low-temperature grown GaAs. 47 Differential reflectivity experiments reveal fast ͑1 ps͒ electron trapping associated with As antisite defects, followed by a much slower carrier recombination on a time scale of several nanoseconds. Our findings provide insight into the ferromagnetic properties of DMS materials in the highly excited, nonequilibrium regime.
II. SAMPLES AND EXPERIMENTAL METHODS
The sample used in this study was grown by lowtemperature molecular beam epitaxy, and consists of 270 nm Ga 1−x Mn x As ͑x ϳ 0.03͒ grown on a 3.5 m ZnSe buffer layer on a semi-insulating GaAs substrate. A small lattice mismatch between ZnSe and GaMnAs induces tensile strain in the GaMnAs layer, leading to an easy axis of magnetization along the grown direction. [15] [16] [17] 48 The results of continuous-wave Kerr rotation measurements on this structure are shown in Fig. 1͑a͒ . The observation of square hysteresis loops indicates perpendicular uniaxial anisotropy. ͓The small linear background apparent in Fig. 1͑a͒ is due to Faraday rotation in the cryostat windows.͔ The Curie temperature for this structure ͑which was not subjected to postgrowth annealing͒ is 46 K. The background hole concentration estimated from magnetotransport data is ϳ1 ϫ 10 20 cm −3 . The magnetization dynamics were measured using two-color, time-resolved magneto-optical Kerr effect ͑TR-MOKE͒ experiments in the polar configuration. 27, 30, 46 A schematic of the experimental setup is depicted in Fig. 1͑b͒ . The sample was housed in a variable temperature, 7 T, splitcoil magneto-optical cryostat. Linearly polarized 800 nm pulses with a duration of 60 fs from a 250 kHz Ti:sapphire laser system were used to excite electron hole pairs in the GaMnAs epilayer. At this pump photon energy, carriers are injected close to the band gap of GaMnAs, minimizing the influence of lattice heating effects due to the optically injected carrier distribution. The pump fluence was in the range 1-10 mJ/ cm 2 . A tunable white light continuum was generated from a small portion of the 800 nm beam and used as the probe beam. Due to chirp in the white light pulses, the overall time resolution of the setup was ϳ100 fs. After reflecting from the sample, the probe beam was spectrally resolved using a monochromator, and the Kerr rotation ͑ K ͒ ͓or the pump-induced change in Kerr rotation ͑⌬ K ͔͒ was measured using a standard polarization bridge and lock-in detection. For TR-MOKE measurements, the Kerr response was detected at a probe photon energy of 2.03 eV. The pumpinduced change in the Kerr ellipticity ͑⌬ K ͒ was also measured under the same conditions through the addition of a quarter waveplate in the reflected probe beam prior to the polarization bridge. 27, 46 The signal to noise level in these experiments was limited by the stability of the white light continuum, with a typical noise floor of 1 mrad. For measurements of the carrier trapping and recombination dynam- ics, differential reflectivity experiments were performed under the same conditions as the TR-MOKE experiments. The pump-induced change in the probe reflectivity, expressed as a percentage of the unsaturated reflectivity, was measured at a probe photon energy of 1.73 eV using a fast silicon photodiode and lock-in detection.
III. RESULTS AND DISCUSSION

A. Carrier dynamics
The results of differential reflectivity experiments on GaMnAs are shown in Fig. 2 . The general features observed are similar to those seen previously in InMnAs ͑Ref. 49͒ and GaMnAs, 26 as well as in GaAs grown at low substrate temperatures. 50 These features reflect the dominant influence of a large density of As point defects on the carrier dynamics in this material. 25, 26, [50] [51] [52] Immediately following the pump pulse, a large negative ⌬R / R signal is observed. This negative peak is attributed to free carrier ͑Drude͒ absorption by the optically injected carrier distribution. 53 Free carrier absorption is enhanced in the presence of a large density of defects due to the partial relaxation of the k-vector conservation rule for optical transitions. 25, 26, 50, 54 Due to the larger effective mass of the holes, the negative ⌬R / R peak in Fig.  2͑a͒ is primarily attributed to free carrier absorption by the optically injected electrons.
The initial negative ⌬R / R signal decays rapidly due to fast electron trapping at As antisite defects. 28, 34, 55, 56 This decay is shown more clearly in the inset to Fig. 2͑a͒ . A single exponential fit to these data yields a time constant of 0.9 ps. Similar electron trapping times have been measured in lowtemperature-grown GaAs and InP, ranging from a few hundred femtoseconds to 1.6 ps in as-grown samples. [55] [56] [57] For a probe pulse delay larger than a few picoseconds, the differential reflectivity exhibits a much weaker, positive signal. Using a Boltzmann equation formalism, Sanders et al. 53 showed that the trapped electron population modifies the complex dielectric response, leading to a positive ⌬R / R signal for photon energies larger than the band gap, in agreement with the results in Fig. 2 . A weak oscillation with a period of 20 ps is also observed in the data in Fig. 2͑a͒ . Such an oscillation was seen in InMnAs by Wang et al., 49 and was attributed to dynamic Fabry-Perot effects in the buffer layer associated with a coherent acoustic phonon wavepacket. This phonon wavepacket is generated in the DMS layer by the optically injected carrier population through deformation potential coupling. 53 The period of oscillation may be estimated using the probe wavelength, the index of refraction, and the longitudinal acoustic phonon velocity. 30 For the ZnSe buffer layer in the structure investigated here, 58, 59 we calculate an oscillation period associated with such a phonon wavepacket to be 30 ps, in reasonable agreement with the measured value.
The positive ⌬R / R signal decays through carrier recombination on a much longer time scale. The full range of accessible probe pulse delay for the experimental apparatus is approximately 2 ns. Using the data over this limited range, we estimate the carrier recombination time to be 7 ns.
B. Ultrafast demagnetization in GaMnAs
The results of TR-MOKE measurements at 10 K are shown in Fig. 3͑a͒ for a short range of probe pulse delay. ⌬ K changes sign with reversal of the external magnetic field and indicates pump-induced demagnetization. A comparison of the shape of the rising edge of the ⌬ K signal for opposite signs of the magnetic field in Fig. 3͑a͒ reveals a magnetic field independent contribution to the nonlinear response during the first picosecond. This contribution is not associated with pump-induced changes in ferromagnetic order, and is discussed in Sec. III C. The TR-MOKE results for a larger range of probe delays are shown in Fig. 3͑b͒ . A weak secondary rise is visible in the data after the zero delay peak. This rise increases the ⌬ K signal by ϳ10% on a time scale of 15 ps. This slower demagnetization process is attributed to spin lattice relaxation, [60] [61] [62] [63] in which the excess thermal energy deposited into the lattice by the optically injected carriers leads to heating of the Mn spin system. In earlier demagnetization experiments in InMnAs by Wang et al., 43 spin lattice relaxation was found to have a much stronger influence than in the experiments reported here. This may reflect the larger optical excess energy in these earlier experiments, which leads to enhanced lattice heating by the cooling carrier distribution. ͑The pump photon energy was ϳ200 meV above the band gap of InMnAs in the work of Wang et al.; in the experiments reported here, carriers are injected within 50 meV of the band gap.͒ The TR-MOKE signal decays on a much longer time scale, as shown in the inset to Fig. 3͑b͒ , indicating recovery of the macroscopic magnetization. Within the limited range of accessible probe pulse delays, the time scale for this recovery process is estimated to be 5 ns. Aside from the first few picoseconds, these signal features are not sensitive to the polarization state of the pump beam, as shown in Fig. 4 . The symmetry of the ⌬ K signal for opposite magnetic field directions indicates that, beyond the first few picoseconds, the nonlinear Kerr response is strongly dominated by pumpinduced changes in ferromagnetic order.
The pump pulse induces a near-complete collapse of the hysteresis loop, as shown in Fig. 5 . The loop appears to be nearly paramagnetic for a probe pulse delay of only 100 fs, indicating an ultrafast magnetic response that exceeds the time resolution of these experiments. The hysteresis loop for positive probe pulse delay is similar to observations in CoPt 3 alloy films, in which a full collapse of the hysteresis loop was observed within 120 fs. 64 A model for the ultrafast demagnetization process was proposed by Cywiński et al. 44 Prior to the pump pulse, the system is in an equilibrium state in which both Mn and hole spins are polarized ͑well below T C ͒. The pump pulse injects a large density of excess holes with a random spin polarization, bringing the hole-Mn system far from equilibrium. These excess holes stimulate a rapid transfer of spin angular momentum from the Mn spin system to the holes. The hole spin relaxation time is expected to be very short in DMS systems ͑Ͻ100 fs͒ due to strong spin-orbit mixing in the valence bands 65 and the large density of defects, which leads to fast momentum ͑and spin͒ relaxation. 66 The angular momentum transferred to the hole system is therefore rapidly dissipated to the lattice.
As indicated in Fig. 4 , no difference is observed in the TR-MOKE response for left and right circular polarizations of the pump pulse. This indicates the absence of any detectable spin polarization signal associated with the optically injected carrier population. A Kerr response due to optically injected spin-polarized electrons has been observed in earlier experiments on GaMnAs by Kimel et al., 27 although the pump fluence was several orders of magnitude lower than in the experiments reported here. The lack of polarization dependence we observe is consistent with recent studies of demagnetization dynamics in GaMnAs by Wang et al. 45 In that work, the pump pulse fluence was similar to that used in the experiments reported here; however, the pump photon energy was tuned well below the GaMnAs band gap ͑0.62 eV͒. This low pump photon energy leads to the excitation of valence states only. The absence of a polarization dependence was therefore attributed by Wang et al. to the short hole spin relaxation time. The absence of an electron spin polarization signal in the experiments reported here ͑despite the optical excitation of both electrons and holes͒ is not understood. Our observations are also in contrast to recent experiments in InMnAs ͑Ref. 67͒ and InMnSb, 68 in which electron spin relaxation dynamics were detected for pump fluences similar to those used here. More work is needed to understand the influence of defect distributions and carrier density variations on the electron and hole spin relaxation dynamics in DMS systems.
C. Dichroic bleaching
The polar Kerr rotation ͑ K ͒ and Kerr ellipticity ͑ K ͒ are proportional to the growth direction component of the magnetization ͑M z ͒,
͑1͒
where the coefficients f and g depend on the index of refraction and absorption coefficients for left and right circularly polarized light. 69 The nonlinear Kerr rotation is
with a similar expression for ⌬ K . The first term in Eq. ͑2͒ indicates the pump-induced change in the magnetization, while the second term represents a purely optical contribution to the nonlinear response, often referred to as dichroic bleaching. 46 It is clear from Eq. ͑2͒ that a comparison of the dynamic response of ⌬ K and ⌬ K allows the dichroic bleaching contribution to be isolated. The results of this comparison are shown in Figs. 6͑a͒ and 6͑b͒ . The difference in the delay dependence of the ⌬ K and ⌬ K signals persists for the first few picoseconds, as shown in the inset to Fig. 6͑a͒ . The dichroic bleaching signal exhibits a strong peak at zero delay, followed by a slower component that decays on a time scale of 1.1 ps. The same features are also apparent from averaging the ⌬ K signals for +180 and Ϫ180 mT, as shown in Figs. 6͑c͒ and 6͑d͒ . These dichroic bleaching contributions were found to be independent of temperature ͑within 10%͒ between 10 and 50 K, further confirming that they are not tied to the demagnetization dynamics induced by the pump pulse. The delay dependences of ⌬ K and ⌬ K are identical on longer time scales, as shown in Fig. 6͑b͒ , indicating that the demagnetization dynamics dominate the optical response beyond the first few picoseconds.
As discussed in Sec. III B, the TR-MOKE response is identical for left and right circularly polarized pump excitations ͑Fig. 4͒ and consequently the dichroic bleaching signal we observe cannot be caused by a net spin polarization in the optically injected carrier distribution. Through measurement of the hysteresis loop for a variety of time delays in the range of pulse overlap, it was determined that the strong peak at zero delay in the dichroic bleaching signal corresponds to a transient downward shift of the hysteresis loop. The measured loop shift is shown in Fig. 6͑d͒ ͑diamonds͒. The results in Fig. 4 indicate that the zero delay peak is strongest for linearly polarized excitation. This suggests that the zero delay peak is caused by a four-wave mixing contribution to the pump probe signal, often referred to as a coherent artifact. 32, [70] [71] [72] Four-wave mixing signal contributions related to excitation-induced dephasing lead to a transient peak that is strongest for linearly polarized pump and probe beams. [70] [71] [72] The time scale for decay of the slower relaxation component in the dichroic bleaching signal is consistent with the electron trapping time measured in the differential reflectivity results. As a result, this slower signal is likely tied to the optically injected electrons, although the exact nature of the nonlinearity ͓free carrier absorption, ͑spin-independent͒ state filling, etc.͔ is not clear.
In demagnetization studies in GaMnAs by Wang et al., 45 the TR-MOKE signal exhibited a prominent overshoot during the first few picoseconds that was identified as a dichroic bleaching contribution. An interpretation of this feature was proposed in terms of a transient depolarization of the hole spins through spin flip scattering with the Mn spins during demagnetization. This interpretation was supported by the observation that the overshoot feature reversed in sign with reversal of the external magnetic field, indicating that it was tied to the magnetization dynamics. In their experiments, Wang et al. used a probe photon energy close to the optical band gap ͑1.6 eV͒. This was thought to enhance the optical nonlinearity associated with state filling in the valence band relative to previous experiments in InMnAs, in which no such hole-related signal was observed. 43 Since the dichroic bleaching signal contributions in Fig. 6͑a͒ are insensitive to changes in the temperature or the external magnetic field, they are not related to a dynamic hole spin polarization. The magnitude of the demagnetization response we observe is comparable to the experiments of Wang et al. ; 45 yet no evidence of a nonequilibrium hole polarization response was observed for the full range of probe photon energies used ͑1.77-2.12 eV͒. This suggests that such a response must be spectrally isolated very close to the band edge. More studies of the spectral dependence of the nonlinear Kerr response of DMS semiconductors are needed to clarify the role of nonequilibrium hole spin dynamics.
D. Temperature dependence
The TR-MOKE signal is shown for a range of temperatures and magnetic fields in Fig. 7͑a͒ . ⌬ K decreases strongly with increasing temperature. In the data taken at 50 K, only the dichroic bleaching contribution remains. The magnitude of the ⌬ K signal at a fixed time delay of 100 ps is shown versus sample temperature in Fig. 7͑b͒ , along with the linear Kerr rotation. ⌬ K vanishes for T Ͼ T C . Together with the similar delay dependence of ⌬ K and ⌬ K in Fig. 6͑b͒ , the temperature dependence in Fig. 7 provides further indication that the demagnetization effect is the only source of the optical Kerr nonlinearity beyond the first few picoseconds.
No evidence for enhancement in the Curie temperature may be seen in the data in Fig. 7 , in contrast to the findings of Wang et al. 34 Demagnetization effects dominate the optical response in the experiments reported here due to the much larger pump fluence used. It should also be noted that the enhancement effects observed in Ref. 34 required a large applied magnetic field ͑1 T͒ due to the in-plane easy axis for the GaMnAs structure studied in that work. It is not clear if any enhancement effects would be observed in our experiments for comparable pump fluences to those used in Ref. 34 , as a much smaller external magnetic field ͑ϳ10 mT͒ is required to saturate the magnetization along the growth direction. Experiments examining the complex interplay between demagnetization effects and a possible photoinduced paramagnetic to ferromagnetic phase transition in tensile strained DMS systems would be of interest.
E. Power dependence
TR-MOKE experiments were performed over a range of pump fluence spanning two orders of magnitude. The results of these experiments are shown in Figs. 8 and 9. The vertical axis in Fig. 8 shows the ratio ⌬ K / K , highlighting the absolute magnitude of the demagnetization response. The secondary rise is reduced below the signal to noise level for a pump fluence exceeding ϳ3 mJ/ cm 2 . This suggests that direct hole-Mn spin coupling dominates the demagnetization process for these high fluence values, with a progressively weaker role played by spin lattice relaxation as the pump fluence is increased. These findings are similar to earlier reports of demagnetization dynamics in InMnAs. 43 The magnitude of ⌬ K / K for a fixed probe pulse delay of 150 ps is plotted versus pump fluence in Fig. 9͑a͒ . The demagnetization effect is observed to saturate for a pump fluence greater than ϳ1 mJ/ cm 2 . A similar saturation was observed in InMnAs, 43 although with a saturated value of ⌬ K / K of unity. In contrast, in our experiments, the saturated value is only ϳ0.8. The linear Kerr response is shown in Fig. 9͑b͒ for different values of the pump fluence. These hysteresis loops were measured at a probe pulse delay of 4 ps. A weak hysteresis is apparent in the data in Fig. 9͑b͒ for the largest pump fluence. Together with the observation of a maximum ⌬ K / K less than unity, this indicates that the demagnetization process is incomplete.
We attribute the saturation of ⌬ K / K in Fig. 9͑a͒ to the saturation of the absorption coefficient in GaMnAs. In the demagnetization experiments in InMnAs, the pump photon energy exceeded the optical band gap energy by 200 meV. 43 In the experiments we report here, the photon energy of the pump beam ͑1.55 eV͒ was close to the GaMnAs band gap energy, 73 where the density of states is much lower. Powerdependent absorption measurements were done for a range of wavelengths and pulse durations in low-temperature-grown GaAs by Loka et al. 47, 56 Strong saturation effects were observed in those experiments, despite band tailing associated with the large density of As antisite defects introduced during low-temperature growth. 20 For excitation conditions similar to those used here, the optical absorption was observed by Loka et al. to saturate at a pump fluence of 1.5 mJ/ cm 2 . This is in good agreement with the results in Fig. 9͑a͒ . Saturation of the optical transition implies that the hole density generated by the pump pulse is constant for a pump fluence above 1 mJ/ cm 2 , leading to a saturation in the magnitude of the demagnetization response.
The absorption coefficient in GaMnAs increases sharply with increasing photon energy. 20 We would therefore expect stronger demagnetization effects for shorter pump wavelengths. It may also be possible to increase the magnitude of the demagnetization effect by varying the optical pulse duration, since a reduced pulse duration would increase the relative importance of multiphoton absorption processes. 47, 56 
IV. CONCLUSIONS
In summary, the carrier and magnetization dynamics have been studied in GaMnAs using femtosecond pump probe spectroscopy. The TR-MOKE response changes sign with reversal of the external magnetic field direction, and disappears above T C , indicating femtosecond optical control of ferromagnetic order. The sign of the ⌬ K signal and the shape of the hysteresis loop indicate a rapid demagnetization effect that turns on in less than 100 fs. The carrier dynamics in this structure were studied using time-resolved differential reflectivity experiments. These measurements indicate an electron trapping time of 1 ps due to As antisite defects, consistent with previous studies in InMnAs ͑Ref. 49͒ and low-temperature grown III-V semiconductors. [55] [56] [57] Carrier recombination was observed on a much longer time scale of several nanoseconds.
Measurements for different circular polarization states of the pump beam indicate no electron spin polarization response, in contrast to earlier experiments on GaMnAs at a much lower pump fluence by Kimel et al. 27 In recent high fluence experiments in GaMnAs by Wang et al. the absence of a polarization dependence in TR-MOKE experiments was attributed to the midinfrared excitation wavelength, which leads to excitation of valence states only; 45 however, the experiments we report here suggest that this observation is more general. These findings indicate the need for more studies of electron spin kinetics in DMSs. Dichroic bleaching signal contributions identified through a comparison of the Kerr rotation and ellipticity dynamics were found to be insensitive to changes in external magnetic field or temperature, indicating no TR-MOKE signal contribution associated with a dynamic hole depolarization. This suggests that the transient hole spin signal observed in recent experiments by Wang et al. 45 may only manifest for a probe wavelength near the peak of the magneto-optical response of GaMnAs.
TR-MOKE experiments over more than two orders of magnitude variation in pump fluence reveal a saturation in the magnetic response for a pump fluence exceeding 1 mJ/ cm 2 . The maximum change in the Kerr rotation is 80% of the equilibrium Kerr signal, and the linear Kerr response maintains a finite coercivity at all fluence values, indicating an incomplete demagnetization of the sample. This saturation is attributed to the low density of states at 1.55 eV in GaMnAs, which leads to saturation of the optical absorption despite defect-induced band tailing. Our findings provide insight into the highly nonequilibrium carrier and magnetization dynamics in DMS materials in the strong excitation regime.
